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data. It was found that by including the interphase between the fibar and
matrix in the modsl, much better local stress results were cbtained than with

the effect of the interphase properties on the local stresses at the fiber,
interphagse and matrix. From this study, it was found that interphase modulus
and thickness have significant influence cn the transverse tensile strength and
mods of failure in fiber reinforced composites.

INTRODUCTION

Unidirectional f£iber reinforced ocmposites have a very low transverse
tensile strength. This strength, in general, is much lower than the strength
of the pure matrix and limits the performance of the camposite system. The
transverse tensile strength of a conposite is dependent upon the fiber-matrix
interfacial bonding strength, matrix strength, transverse fiber strength and
stiffness ratio between fiber and matrix, etc. Material Jefects such as voids
in the matrix, broken fibers, microcracks and £iber-matrix disbonds will
degrade the transverse tensile strength of canposite materials. Conventional
analysis mathods (Refs. 1-3),Mtzutthoﬂ.betuﬂmtr:lxumphue

nsmely, fiber, interphase and bulk matrix. Through the analysis of the
microdebonding problem, it has besn shown that the model including sn
interphase between fiber and matrix provides a much better prediction of
debonding loads than the modsl without the interphase.
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hﬂmw so that higher composite transverse tensile strength can be
cobtained.

In the following discussions, camposites without material defects are
considered.
METHOD OF AMALYSIS

The caxposite material is assumed to consist of a sguare array of
Eicoml] mm&mummunmumaxu

l-l-i-l dnn in ﬂwn

, ffmndtoth.
correspanding ” : m,&...,umnnml,
Ma’-a’hmlldtothnmmwnma-a. This inplies
that the gross strains over the length 2L in directions x and z remain

constant.
L
-1
2L S € &x = ep = constant (at any z) (1)
-L
L
-3
2L S €, dz = €, = constant (at any x) (2)
-L

Also, atwmtimmtbwnthomditim'dmm
require that

L

- o ds 3)
Op —LZL S X
=L
L
0 = ZLJ S 0, ax (4)
=L

mmmmee ] _pddnw gross strain and stress
oaﬂidas,tbﬁwdcd.u&lﬂanhw“m

140




ONE-DIMENSIONAL PREDICTION METHODOLOGY

The repeating unit to be modeled which includes the interphase is shown in
Figure 2. The basic concept for the one-dimensional model is shown in Figure
3. The material response to the external transverse tensile stress, or, can be
appraximated by the response of a one-dimensional series spring system.

In the region consisting of fiber, interphase and matrix, there will be
three distinct stiffnesses corresponding to each constituent. In the region
consisting of interphase and matrix, there will be two distinct stiffnesses
corresponding to interphase and matrix. At the regignZ > R + ti, there
will be only one stiffness, namely, stiffness of matrix. Fram the basic
concept, we can conclude that

Ofg =03 =0, = O 0£Z<R
£
i7" (5)

On = 04 = 01, RSZSR+ti

where Of, 0i, Om = stress in the fiber, interphase and matrix respectively
o1, = local stress

Based on this concept, the local stress at three regions can be derived as
follows:

(1) 0SZsSR

U=¢€g - AB+¢€ - BC+ €, - OD (6)

Divide both sides of egquation (6) by L. We have
€r = € K + €5 Xj + €y (1- k¢ - ky) (7

NCIRECRE
< EEH @7 R
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kp=1-ke - Kk
vf=volmnefxactimofthefiber (8)

From the stress-strain relationship, we bhave
ef-a |
ﬁ N
eis% - (9)
‘m‘f&_

Substituting equaticn (9) into (7) and making use of equation (5), the local
stress, OL, in this recion can be exmressed as follows

o1, = €p 1

+ + (1 -ke=XKy)
‘gﬁ ‘% : i (10)

(2) RSZSR+Yy

This region iNCLIUGES NEATI1X ana intexphase. The total displacemsnt, as shown
in figure 2, contributed from these constituents can be written as follows:

U=ei-ﬁ+em-.l"'—6. (11)
Divide both sides of equation (11) by L, we have
€p = €5 Ky + €y (1 - k) (12)

e g

By this same token, the local stress, oL, in this region can be written as
follows

01, = €p

1
Xk, + (1 - )}
<1

(3) R+ty<2

mmmdmmm mﬂamtdm, the local
stress, OL, in the regicn can bs egpressed as
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UL = ET __1_
& (15)
(=)

If er is known, then the local stress,or, can be cbtained fram equations
(10), {(14) and (15) for the corresponding region.

In the case where only the applied transverse tensile stress, or, is known,
then equation (3) will be used to cbtain the local stress.

Fram reference 8, the localstress, OL, can be expressed as follows:

0y, = Op @\ 1
[1- ke (1~ By/Be) = kj (1~ Eg/Ej)]

0<S2Z<R (16)
o1, = Op @ 1
[1- k; (1- By/E;))
RSZSR+ty (17)
LT o @ R+t;<Z<L (18)
vhere
R
£ e +
A [1- X; (1- Ey/E;) - ke (1~ Ey/Eg)]
R+ ty -
[1- (1~ By/Ej) k4] +L-(R+ ty) (19)

Equation (19) can be solved through mmerical integration

Define

S.C.F. = stress concentration factor = gl
O (20)

Making use of equations (16) through (20), we can cbtain S.C.F. at any location
in the camposite material.

143



The basic concept, memmz,wum
in this peper as shown in Figure 4. The solution procedure cen be divided into
two parts. One is to solve the two-dimensional plane strain problem with
U=mAUat xzt L, and V=0, at Z = tL; the othar is to solve the two-
wﬂmmm\dﬂw-AVatz-tn,v-OOatx-
tn.'n:-ﬁmlmlutimwillhotholinurmimdtbumnlutw
so that eguations (3) and (4) will be met. The dstailed derivation is in

Raference 8.

Only one quadrant of the circular fiber cross section and the surrounding
intezphase and matrix material nesds be anmalyzed due to symmetry. The finite
elemsnt model used in this study is shown in Figure 5., The mash refinement at
the fiber-matrix interfacial region is evident. The ‘ABAQUS’ camputer code was
used to solve this two-dimensicnal plane strain problem.

VALIDATION QF AMALYTICAL METHODS

am—wmmcﬂmﬁuh‘mmmmm
of the individual point in the mats According to this criterion, fracture
hu-—dto!nvemrndifmmdtbthmpdmimlmuthh
individual point reach the ultimate strength of the corresponding constituent.

VALIDATION OF CBE-DIMENSTONAL MODEL

The conparison bstween the theoretical and experimental transverse stress
distribution is shovn in Figure 6. The test-thecry correlation for the mmdimmm
stress concentration is shown in Figuve 7.

!htm?nhalth.wdnntmutmﬂnm,ﬁm:hmu

ﬂm?,th.imndmatth.a; 29e in the model does not seem to provide
better results than the model withoutinterphase for Vr = 0.65. This is
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because as V¢ wmmmeﬁmmmm The
one~dimengional model does not include the effect of the plane strain

condition. In the next section, it can be seen that the two-dimensional model
including the interphase provides much better results than the two-dimemsional

model without interphase.

Ancther exzanple to verify the accuracy of the one-dimensional theory is
shown in Figure 8. The test data were obtained fram Reference 9. The
correlation between analytical results and test results is reasonably good.
Since most test data is above the curve withEm/Eji = 1.0, this may

suggest that the interphase is a soft interphase.

VALIDATION OF TWO-DIMENSTONAL MODEL

The same canpogite as shown in Figures 6 and 7 is modelled, with the same
interphase modulus and thickness as used in the cne-dimsnsional model. The
canparison between the thecretical and esperimsntal transverse stress
distribution is shown in Figures 9 and 10. The test-theory correlation for the
maximm transverse stress is shown in Figure 11. aAgain, as shown in figures 9
and 10, both two-dimsnsional models predict good results as conpered with the
test data. The two-dimsnsional model with intexphase predicts better results
than the model without interphase. Figure 11 shows the merit of the two- .
dimensional model. By using the same interphase modulus and thickness as used
in the cne-dimensional model, the two-dimensional model with interphase
predicts the best results among all models.

COMPARISON OF ONE-DIMENSICNAL AND TWO-DIMENSTONAL RESULTS

Table I shows the stress concentration factor of the canposite, with
Ef/Em = 21.3, V£ = 0.65, ti/R = .015. The agresment between the cne-
dimsnsional model and two-dimensional model is escellent.

From the above carpariscns, we conclude that the one-dimensional model is
accurate enocugh to be used to predict the local stress of the canposite under
transverse loading. Also, the cne-dimensional model can be used as a first
appraximation to estimate the interphase modulus and thickness. By using an
iteration schems and two-dimensional analysis, accurate interphase modulus and
thickness estimates of the conposite can be cbtained.

APPLICATIONS
The cone-dimensional model has been verified in the previous section as an
adequate model to predict the local stress of the composite. Unless otherwise
noted, the following analyses are based cn cne-dimsnsional theory.

Effect of Interphase Noduli and Thickness on Stress Concentration
Factors of the Composite

Equation (16) was used to calculate the stress concentration factor at
Z =0, for various En/Ei and ti/R. Figures 12 and 13 show the results.
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Effect of BEf/En and En/Ei on the Maximum Stress Concentration Factor
of the Camwposite

mmmmmmmmm&n/k, the larger the
stress concentration for all kinds of intesphases. But, the degree of influence
is decreased as the interphase becamss softex.

The Shift of the Critical Location and the Optimal Interphase
{ox Coating)

- Expations (16), (18) aad (19) ware used to calculate the stxess
mmaz-ooma+us:sn,mnn1ummm
rigaxe 15. 0 sprasents the line £ = 0, while O = 90° repxesents line X = 0.0
dn-l-tiszsnnmmmfmthhﬁmo,cw(s.c.r.)B-O'a:!
(8.C.7.)0 = 90° intexsect at En/Ei = (Em/Ei) ¢ and

(8.C.F.)g m or 2 (8:C.F.)gm gor, for By/By S (Ep/Ey)o

(S.C.F.)g =g S (S.C.F.)g m gor, TOr BBy 2 (Ey/Ej)g

Also, the two-dimmnsicoal analysis shows that for En/Ei 6 (Em/Ei)c
gAX, ococurs at “bH” as shom in Figure 16, vhere from Reference 8,

(Em/Ei)c can be espressed as follows
(By/Bj)e = 1.0 + [1~- (!g/Eg) 1/ (ti/R) (21)

reference 8 and confirmed
thtmidmdmmm mm(zl),mmm
that (1) failuxre will cocur at 6 = 0°, 1if Em/Ei < Rics (2) for Bn/Bi 2
(Bn/EBi) ¢/ mﬁnmue-w and =R+ ti (3) for En/By =
(BEa/R) e fdlmﬂumate-o'nlso'duﬂw H.mnls
- :.'lduuaxrmctcutial
' mnm Gxrwabecd
oconstitutes the cptimal intexphase for the omposite with fiber valums fractiom
equal to .65 andEf/En = 25.0. For varying fiber volume fractiom, the curves

th.cupo-:luvd. : _
mthttbmmm !a:thm&uﬁth

Ef/Em = 21.3 and ti/R = ,0286, can be increased as much as 43%, 36% and
34% for Vr = .65, .57 and .502 respectively.
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Effect of Interphase Piopcrtial on the Trangverse Failure Modes of the
Conposite

One-dimensiocnal models can not detect the location of failure because the
local transverse tensile stress is assumed to bes the same in the fiber,
intexphase and matrix at constant Z and any X as expressed in equation (5).
For this purpose, the two~dimsnsicnal model must be used. Figure 20 shows the
stress distribution in the intexphase and matrix at Z = 0 as a function of
interphase modulus. As shown in this figure, the assunption that the stress at
the matrix and interphase is equal for one-dimemsicnal theory is approscdimately

coxxect. Also, for 1.0 S En/Ei S 5.0, the local transverse tensile stress in
the matrix is higher than in the intexrphase. Thus, in this range, matrix
cxacking is the failuremods. For 5.0 < Em/Ei, the stress in the interphase

or interface is higher than the stress in the matrix. Thus, in this range,
failure will occur either in the intexphase or at the interface. Based on this
idea, ons can cbtain the critical stress concentration factor and failure mode
of the coposite as a function of interphase modulus and thickness as shown in
Figures 21 and 22.

Notice that the above results are based on the asmmption that the

It is recommended that micromechanical models, which include the interphase be
further developed for composites with initial microcracks or fiber-matrix
disbonds. These models can be used to determine: (1) the transverse tensile
strength of the conposite with existing microoracks or interface disbonds, (2)
the effect of the interphase (or coating) on the fracture resistance of the
carposite, (3) tha favorable failure mode (or fallure location) by adjusting
interphase properties so that the crack propagation can be arrested or slowed
dowm. Also, we recamsnd that elastic-plastic matrix and interphase behavior
should be included in the micramechanical models to determine the ccmbined
effects of interphase and material nonlinearity of the matrix on the transverse

tensile strength of the camposite.
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Table I - Caxparison of 1-D and 2-D Analytical Results

(EfEm = 21.3, VF= 0.65, tj/R = .015)
S.C.E

EmE
1.0 10.0 15.0 20.0 30.0 40.0 50.0
METHOOD

1-D 1.805 1.651 1.582 1.531 1.460 1410 131

2-D 2019 1.718 1.643 1.592 1518 1459 1412

1-0/2-D 44 962 963 0682 961 968 a7
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